Objective: The purpose of this study was to define changes in aneurysm volume after endovascular repair of abdominal aortic aneurysm. Methods: A total of 154 consecutive patients who underwent endovascular repair of abdominal aortic aneurysm with the Medtronic AneuRx stent graft at Stanford University Hospital were evaluated. During a mean follow-up period of 15.8 ؎ 11.3 months, serial computerized measurements of aneurysm volume and orthogonal maximal diameter were performed on helical computed tomographic scan data sets and maximal transverse diameter was measured manually from transverse computed tomographic images. Aortoiliac length (renal to hypogastric artery origin) was measured along the median luminal centerline and along the straight line. Results: Aneurysm volume increased immediately after endovascular repair (from 180.2 ؎ 69.9 mL to 187.9 ؎ 71.6 mL; P < .001), but orthogonal and transverse diameter and aortoiliac length did not change significantly. During the follow-up period, mean volume decreased to 171.9 ؎ 70.2 mL (P < .05) and straight-line and centerline aortoiliac length remained unchanged from preoperative values. Overall, volume decreased at a rate of 1.7 ؎ 5.9 mL/mo (P < .001). During periods without endoleak, the rate of decrease was 3.2 ؎ 5.5 mL/mo (P < .001), and during periods with endoleak, aneurysm volume increased at a rate of 2.0 ؎ 5.3 mL/mo (P < .005), without a difference between types of endoleak. Predictive values for the presence of endoleak were similar for transverse and orthogonal diameter and volume. Logistic regression analysis showed volume to be most closely associated with the presence of endoleak. The natural history of abdominal aortic aneurysm is enlargement and rupture. The traditional and best-characterized way to measure and follow aneurysm size has been with maximal transverse diameter, which increases at a mean rate of 4 mm/y with great individual variability.
The natural history of abdominal aortic aneurysm is enlargement and rupture. The traditional and best-characterized way to measure and follow aneurysm size has been with maximal transverse diameter, which increases at a mean rate of 4 mm/y with great individual variability. 1 After endovascular repair, aneurysm diameter decreases at a mean rate of 4 mm/y. [2] [3] [4] Completely excluded aneurysms decrease at a more rapid rate of 6 mm/y, and aneurysms with persistent endoleaks remain stationary or increase in size. Follow-up of aneurysm size after endovascular repair is important in ascertaining adequacy of aneurysm exclusion and in guiding the need for reintervention in selected cases.
In the past, measurement of aneurysm diameter was the only practical, clinically applicable method for sizing aortic aneurysms. With the development of spiral computed tomographic (CT) scan, volumetric data have become available for three-dimensional (3D) measurement and display. Morphologic changes in aneurysms clearly occur in all three dimensions. Changes in aneurysm and aortoiliac length have been reported after endovascular repair, 5, 6 and because volume is a product of mean cross-sectional area and length, its value may be independently affected by changes in length, irrespective of changes in diameter. In addition, volume assesses the entire aneurysm so that changes in diameter that occur outside the maximal cross section are detected as well. Indeed, discordance between changes in maximal orthogonal diameter and in aneurysm volume has been reported. 7 Nonetheless, a clinically important benefit for serial volume assessment beyond simple measurement of maximal aneurysm diameter has not been shown. We sought to test the hypothesis that changes in volume are a more sensitive marker of the adequacy of aneurysm exclusion than changes in maximal transverse or orthogonal aneurysm diameter.
PATIENTS AND METHODS
One hundred and fifty-four consecutive patients underwent endovascular repair of abdominal aortic aneurysm at Stanford University Hospital from October 1996 to May 2000. Most of these patients had significant comorbidity. Ninety-one patients (59%) had heart disease, 46 (32%) had chronic obstructive pulmonary disease, and 53 (34%) had two or more significant medical illnesses. All patients underwent preoperative CT angiograms, most (n ϭ 96) performed at Stanford University Hospital with 3D reconstruction. Endovascular repair was performed with the bifurcated AneuRx (Medtronic, AVE, Minneapolis, Minn) stent graft. Follow-up evaluation was carried out at Stan- ford University Hospital and included spiral CT scan, duplex ultrasound scan, abdominal radiograph, and clinical evaluation, after surgery and at 6 months, 1 year, and annually thereafter. Additional follow-up examinations at intermediate intervals were conducted liberally for any questionable findings and in the presence of endoleaks.
CT angiography was performed with 2.5-mm to 3.0-mm nominal section thickness with both single and multidetector row CT scan after a rapid intravenous bolus injection of iodinated contrast material with timed breathheld helical CT scan acquired during peak opacification. On follow-up examinations, late acquisitions (75 seconds after injection) were added to rule out small endoleaks. Precontrast and delayed scans were acquired with 5-mm nominal section thickness. Cross-sectional CT images were reconstructed at 1.25-mm to 1.5-mm increments. All CT scans were acquired with the same CT angiographic acquisition protocol and were processed with 3D reconstruction,which included shaded surface display, maximum intensity projection, curved planar reformation, and volume rendering. Segmentation was performed by expert technologists with section-by-section manual two-dimensional region-of-interest editing at the interface of the outer aortic wall and the extraaortic tissues. These technologists were blinded to the follow-up interval and the endoleak status of the patient.
Serial computerized measurements of aneurysm volume (lowest renal artery origin to the aortic bifurcation) and maximal orthogonal (perpendicular to aortic axis) diameter were performed on helical CT scan data sets in patients before and after endovascular aneurysm repair. Maximal transverse aneurysm diameter also was measured manually from transverse CT images. For assessment of changes in aortoiliac length, distances from renal artery to hypogastric artery origin were measured with 3D tracking along the median luminal centerline before surgery, after surgery, and at latest follow-up. In postoperative scans, this centerline was within the stent graft. In addition, distances from renal artery to hypogastric artery origin along the straight line were calculated.
The mean follow-up period was 15.8 Ϯ 11.3 months (range, 1 to 48 months). A total of 126 patients were followed for 6 months or longer, 96 patients had at least 12 month of follow-up, and 40 patients had at least 24 months of follow-up. For assessment of size changes relative to the presence of endoleak, only intervals of 3 months or longer were evaluated. The follow-up rate has been 100%, and cause of death has been ascertained in all cases of death during follow-up.
Correlation between aneurysm volume and diameter was assessed with the Pearson correlation coefficient. Assessments of association between changes in these variables and endoleak were done with the t test and 2 test, as appropriate. For calculation of predictive values, the association of an increase (Ն2 mm for diameter or Ն10 mL for volume) with the presence of an endoleak and of a decrease (Ն2 mm for diameter or Ն10 mL for volume) with the absence of one was examined. The value of 10 mL for minimal change of volume was set after review of serial studies, occasionally performed at close intervals, where changes of less than 10 mL appeared to fluctuate in the absence of any clinical changes. The proportion of this value to the mean change in volume (5%) was similar to the proportion of the minimal change in diameter to its mean change (3%). The association of changes in volume and diameter with the presence of endoleak was evaluated with logistic regression analysis with forward entry of variables with the log likelihood ratio and with forced entry with backward elimination. Variables were entered at a probability of .05 and removed at a probability of .10. In general, P Ͻ .05 was accepted as significant.
RESULTS
Within 48 hours after endovascular repair, mean aneurysm volume increased by 4% from 180.2 Ϯ 69.9 mL to 187.9 Ϯ 71.6 mL (P Ͻ .001) and maximal 3D orthogonal and manual transverse diameters and aortoiliac centerline and straight-line lengths remained unchanged (Table I) . Two patients died 18 and 30 days after the procedure, both of myocardial infarction. During a follow-up period of 15.8 Ϯ 11.3 months (range, 1 to 48 months), 27 interventions were undertaken in 23 patients. Additional extender cuffs were applied in 19 cases, and branch-vessel coil embolization was performed in six instances. Late surgical conversion was undertaken in two patients, one with acute rupture who refused to return for regular follow-up visits and one with type 1 endoleak and expansion. Both patients recovered uneventfully. The indications for intervention were presence of endoleak with expanding or nonshrinking aneurysm in all but two cases. In one case, volume increased without a demonstrable endoleak, and in another, migration occurred and proximal fixation appeared insecure. Interventions were guided primarily by increase in volume, which was discrepant from change in diameter, in addition to a clinical indication, in two patients. In one patient, a 14% (23-mL) increase in volume at rate of 2 mL/mo without significant changes in diameter and the presence of abdominal pain prompted application of a proximal extender cuff. Another patient had a 78% (175-mL) increase in aneurysm volume at a calculated rate of 20 mL/mo in the presence of type 3 endoleak and less impressive increases in diameter. The patient underwent extender cuff coverage of a leaking iliac limb-gate junction. During this period, 25 patients died. None of the deaths was aneurysmrelated. Post mortem examinations were performed in six cases.
During the follow-up period, mean volume decreased from 188.5 Ϯ 79.4 mL to 171.9 Ϯ 70.2 mL (P Ͻ .05; Table II ). Changes in volume correlated with changes in 3D orthogonal (r ϭ 0.70; P Ͻ .001) and transverse diameters (r ϭ 0.54; P Ͻ .001; Figs 1 and 2) . Differences in the magnitude of normalized changes of volume and orthogonal and transverse diameter were not significant. Aortoiliac centerline distances increased slightly during follow-up, but final values were not significantly different from preoperative values. Straight-line aortoiliac distances did not change significantly. Length did not change in the aortic segment alone, and changes on both sides did not differ significantly. In general, the conıguration of the stent grafts did not change appreciably.
In the absence of endoleak, transverse and orthogonal diameters and aneurysm volume decreased, and during periods with endoleak, they increased (Table III) . Overall, volume decreased at a rate of 1.7 Ϯ 5.9 mL/mo (P Ͻ .001; Table IV ). During periods without endoleak, volume decreased at a higher mean rate of 3.2 Ϯ 5.5 mL/mo (P Ͻ .001), and in the presence of endoleak, it increased at a rate of 2.0 Ϯ 5.3 mL/mo (P Ͻ .005). The rate of increase in volume did not differ significantly between direct endoleaks (types 1 and 3) and indirect endoleaks (type 2), although the mean rates of increase were higher with direct endoleaks (Table V) . The rate of decrease in volume after endovascular repair diminished over time, and beyond 24 months, it was 1.2 Ϯ 4.2 mL/mo and did not reach statistical significance (Table IV) . Changes in cross-sectional and orthogonal diameter paralleled changes in volume.
The predictive values of changes in volume for identifying the presence or absence of endoleak were not significantly different from those associated with changes in transverse or orthogonal diameter (Table VI) . On logistic regression analysis, with comparison of rates of change of these three variables, volume was the variable most closely associated with the presence of an endoleak. It was entered on step 1 (P Ͻ .001; exp (␤) ϭ 1.32; 95% CI, 1.17 to 1.49; R 2 ϭ 0.36) and followed by transverse diameter. When all three variables were entered, the change of the likelihood ratio was greatest for removal of volume from the model (P Ͻ .001).
DISCUSSION
We found that aneurysm volume increases slightly, but significantly, immediately after endovascular repair. A similar finding was reported recently on a smaller number of patients. 8 The mean interval between the preoperative and initial postoperative scan was only 1.6 months so that the increase in size cannot be attributed to preoperative expansion. This increase in size may reflect the additional volume and the external force exerted by the stent graft or, alternatively, swelling of the aneurysm sac induced by perigraft thrombosis. The lack of change in aneurysm diameter (both orthogonal and transverse) may imply that the small increase in size occurred mostly outside the region of the aneurysm with maximal cross section or that the diametric change at any one section was too small to be measured reliably. The small increase in volume does not appear to be clinically important. Nonetheless, volume changes during follow-up should be related to this early postoperative baseline volume rather than the preoperative one. During follow-up, aneurysm volume decreases. We have found the mean rate of decrease to be 1.7 Ϯ 5.9 mL/mo. In general, changes in aneurysm volume correlated with changes in aneurysm diameter. This correlation would point to a lack of significant changes in aortoiliac and aneurysm length or to changes that occur in concert with changes in diameter. Indeed, we did not find significant changes in aortoiliac length during a period when changes in diameter and volume were significant. Although centerline length increased slightly from the initial preoperative study, it did not change from preoperative values and this small increase may represent migration or lengthening. Some previous reports presented evidence of longitudinal shortening of aortic aneurysms after endovascular repair, 5, 6 and other more recent studies with a different stent graft showed a lack of change in aortic length after aortic endografting. 9, 10 Some of the differences may be devicerelated. The columnar strength inherent in the AneuRx stent graft may prevent or reduce shortening of the aortoiliac segment, and aneurysms repaired with other endografts may behave differently.
The rate of volume decrease in completely excluded aneurysms was 3.2 Ϯ 5.5 mL/mo. During periods with endoleak, volume increased. In evaluation of predictive value and the association with direct or indirect endoleak, volume did not offer a significant demonstrable advantage over measurement of transverse or orthogonal diameter.
Is aneurysm volume a better indicator of the risk of rupture? With 3D reconstructed models of human abdominal aortic aneurysms, volume has been shown to be more closely associated with computed wall stress than maximal aneurysm diameter. 11 This association could theoretically translate into better prediction of rupture. However, no empirical data to support this contention are currently available. In general, the paucity of aneurysm ruptures in any well-followed patient population makes observations of this nature difficult. Indeed, in this series, one aneurysm ruptured after the patient did not return for follow-up during a follow-up period when 27 reinterventions were undertaken for treatment of endoleak, expansion, or migration.
We conclude that aneurysm volume increases immediately after endovascular aneurysm repair. During follow-up, aneurysm volume decreases and aortoiliac length remains unchanged. In the absence of endoleak, aneurysm volume decreases, and in the presence of one, it increases. Changes in aneurysm volume parallel changes in maximal diameter and are not more strongly associated with the presence of an endoleak. Their predictive value with regard to the risk of rupture remains to be evaluated. *Increase or decrease defined as change of 2 mm in aneurysm diameter and of 10 mL in aneurysm volume during each study interval.
